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Abstract 

An  in  situ  structural  investigation  of  the  underpotential  deposition  of 
copper  on  an  iodine  covered  platinum  surface  (Pt/C  layered  synthetic 
microstructure  (LSM)  with  Pt  as  the  outermost  layer)  has  been 
carried  out  using  surface  EXAFS  (extended  x-ray  absorption  fine 
structure)  and  its  polarization  dependence.  The  effects  of  rinsing  the 
electrode  with  pure  supporting  electrolyte  have  also  been 
investigated.  At  an  applied  potential  of  -t-0.20  V  (corresponding  to 
half  a  monolayer  of  electrodeposited  copper)  there  are  two  in-plane 
Cu-Cu  distances;  2.56±0.05A  and  4.21+0.05A.  This  suggests  a 
coexistence  between  a  close-packed  phase  with  a  more  open  phase. 
It  is  likely  that  the  open  phase  is  stabilized  by  repulsive  interactions 
between  partially  charged  copper  atoms  as  well  as  by  the  presence 
of  the  strongly  adsorbed  iodine  layer.  At  -i-O.lOV  (corresponding  to  a 
full  monolayer  of  electrodeposited  copper)  there  is  only  one  Cu-Cu 
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distance  of  2.56±0.05A.  Combining  in-plane  (a  polarization)  and  out- 
of-piane  (k  polarization)  SEXAFS  measurements,  we  found  that  at  full 
monolayer  coverage,  the  copper  UPD  layer  is  incommensurate  with 
respect  to  the  platinum  surface.  The  iodine  ad-layer  rides  the 
electrodeposited  copper  forming  a  3x3  unit  cell.  This  inierfacial 
structure  is  not  altered  upon  rinsing  with  pure  supporting 
electrolyte. 


Introduction 

The  process  of  underpotential  deposition  (UPD)  [1]  of  metals 
has  been  extensively  studied  during  the  past  two  decades  due  to  its 
theoretical  and  practical  importance  in  fields  such  as 
electrocryslallization,  catalysis,  and  surface  chemistry.  In  this 
process,  submonolayer  to  monolayer(s)  amounts  of  a  metal  can  be 
electrodeposited  on  a  foreign  metal  substrate  in  a  quantifiable  and 
reproducible  fashion  prior  to  bulk  deposition.  Numerous 
electrochemical  and  spectroscopic  techniques  have  been  utilized  to 
probe  the  mechanism(s)  of  formation,  and  the  structural  properties 
of  UPD  layers.  Conventional  electrochemical  methods  have  been  used 
to  obtain  thermodynamic  and  kinetic  information  about  the  UPD 
process  [1-3].  Structural  features  of  the  UPD  layer  were  first 
derived,  indirectly,  from  equilibrium-coverage  potential  isotherms 
using  single  crystal  substrates  [3].  Non-monotonic  current  transients 
have  been  observed  in  a  number  of  cases,  and  these  have  been 
interpreted  in  terms  of  mechanisms  involving  nucleation  and  growth 
processes.  Although  electrochemical  methods  are  invaluable  in 
controlling  and  measuring  thermodynamic  parameters  such  as 
applied  potential,  charge,  and  coverage,  structural  inferences  are 
indirect  and  often  model  dependent. 

Surface  sensitive  ultra  high  vacuum  techniques  have  been 
employed  in  the  study  of  UPD  systems  and  much  information  has 
been  obtained  from  them  [4].  However,  the  fact  that  these  studies 
are  inherently  ex  situ  raises  some  fundamental  questions  as  to  their 
applicability. 
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Hubbard  et  al.  employed  electron  spectroscopic  techniques  to 
obtain  direct  atomic  structural  information  about  metal  deposits  on 
an  iodine  covered  Pt(lll)  surface  [5].  They  found  that 
electrodeposition  occurred  in  a  well-defined  manner,  with  the 
formation  of  different  structures  depending  on  the  coverage. 
Although  these  ex  situ  experiments  provided  a  wealth  of 
information,  it  is  unclear  what  structural  changes  may  have  occurred 
to  the  UPD  layer  upon  transfer  of  the  electrode  from  solution  to 
vacuum.  In  addition,  these  experiments  do  not  provide  structural 

information  about  the  solution  side  of  the  double  layer,  an  integral 
part  of  the  system  at  equilibrium  with  the  adsorbed  species. 

The  use  of  atomic  resolution  microscopic  techniques  has 
provided  the  means  to  obtain  in  situ  direct  atomic  structural 

information  on  UPD  systems.  Scanning  tunneling  and  atomic  force 
microscopy  have  been  recently  employed  in  the  study  of  UPD 
processes  including  copper  UPD  on  gold  and  platinum  surfaces  [6]. 

These  studies  have  shown  that  the  UPD  process  occurs  in  a  well- 

defined  manner  and  that  the  structures  observed  from  these 
experiments  are  similar  to  those  observed  in  vacuum.  As  was  the 
case  in  the  ex  situ  experiments,  these  techniques  provide  information 
only  for  the  deposited  layer. 

Recently,  in  situ  x-ray  spectroscopic  and  diffraction  techniques 
have  provided  unique  atomic  resolution  structural  information  about 
UPD  systems  [7].  Extended  x-ray  absorption  fine  structure  (EXAFS) 
and  x-ray  absorption  near  edge  structure  (XANES)  have  been 
employed  in  the  study  of  various  UPD  systems  [8J,  providing 
information  about  the  local  structure,  atomic  environment  and  the 


oxidation  state  of  the  adsorbed  species.  Specific  systems  that  have 
been  studied  include  Cu  on  Au(lll)  and  Au(lOO),  Ag  on  Au(lll),  Pb 
on  Ag(lll),  T1  on  Ag(lll)  and  others  [8]. 

Furthermore,  surface  x-ray  scattering  measurements  have 
been  used  to  study  the  in-plane  structure  of  some  UPD  systems  [9]. 

In  addition  to  these  techniques,  x-ray  standing  waves  (XSW) 
have  been  utilized  to  probe  the  electrochemical  double  layer  [10,11]. 
In  these  studies,  one  can  obtain  information  pertaining  to  the 
distribuiion  of  species,  including  the  diffuse  layer,  in  a  direction 
normal  to  the  substrate's  surface. 

In  this  paper,  we  present  the  results  of  a  series  of  in  situ, 
polarization  dependent  surface  EXAFS  experiments  aimed  at  probing 
the  potential  dependent  structure  of  underpotentially  deposited 
copper  on  an  iodine  covered  platinum/carbon  layered  synthetic 
microstructure  and  discuss  our  findings  within  the  framework  of 
surface  structures,  their  coverage  dependence  and  the  influence  of 
the  iodine  ad-Iattice. 

Theoretical  description 

EXAFS  refers  to  the  modulations  in  the  x-ray  absorption 
coefficient  beyond  an  absorption  edge  [12].  Such  modulations  can 
extend  up  to  about  1000  eV  beyond  the  edge  and  generally  have  a 
magnitude  of  less  than  15%  of  the  edge  jump.  The  frequency  of  the 
EXAFS  oscillations  depends  on  the  distance  between  the  absorber  and 
its  near  neighbors,  whereas  the  amplitude  depends  on  the  numbers 
and  types  of  neighbors  as  well  as  their  distance  from  the  absorber. 
From  an  analysis  of  the  EXAFS  one  can  obtain  information  on  near 


neighbor  distances  (to  ±0.01  A),  numbers  (to  ±15%)  and  types 
(assuming  a  significant  difference  in  atomic  number). 

The  EXAFS  represents  the  normalized  modulation  of  the 
absorption  coefficient  as  a  function  of  energy.  In  wave  vector  form 
the  EXAFS  can  be  expressed  as  a  summation  over  the  various 
coordination  (near  neighbor)  shells  and  is  given  by: 

„  1  -2r,A(lc) 

X(k;)  =  y — -  N  F(k)  S/k)  exp  exp  sin  (2kr,+ (>  (k))  (i) 

,ZJJ*  JJ  V/ 

j  kr. 

where  k  represents  the  wave  vector,  rj  is  the  absorber-backscatterer 
distance  and  Nj  is  the  number  of  scatterers  of  type  j  with 
backscattering  amplitude  Fj(k).  The  product  of  these  last  two  terms 
gives  the  maximum  amplitude.  There  are  also  amplitude  reduction 
factors.  Si(k)  takes  into  account  many-body  effects  such  as  electron 
shake-up  and  shake-off  processes,  whereas  the  term  exp'<^j^^^ 
(known  as  the  Debye-Waller  factor)  accounts  for  thermal  vibration 
and  static  disorder.  Finally,  the  term  exp‘2kjA(k)  takes  into  account 
inelastic  scattering  effects  where  X(k)  is  the  mean  free  path  of  the 
photoelectron. 

The  oscillatory  part  of  the  EXAFS:  (sin  (2krj  <t>j(k)),  takes  into 
account  the  relative  phases  between  the  outgoing  and  backscattered 
waves.  Since  the  accuracy  of  the  determination  of  interatomic 
distances  depends  largely  on  the  appropriate  determination  of  the 
relative  phases,  a  great  deal  of  attention  has  been  given  to  this 
aspect.  This  can  be  achieved  by  ab-initio  calculation  of  the  phases 
involved  [13j  or  alternatively  they  can  be  determined 


experimentally  through  the  use  of  model  compounds  and  the  concept 
of  phase  transferability  [14],  We  have  carefully  considered  the 
differences  between  phase  shifts  calculated  ab-initio  and  phase  shifts 
determined  from  measurements  of  reference  materials  (Figure  1). 
Referring  to  Figure  1,  we  note  that  there  is  excellent  agreement 
between  the  phase  shifts  measured  from  reference  materials  and  the 
calculated  values  [13]  for  absorber-scatterer  pairs  likely  to  be 
important  in  this  study  (i.e.  Cu-Cu,  Cu-Pt,  and  Cu-I).  This  agreement 
extends  over  the  k-space  range  from  3  to  10  A*  ^ ,  with  the  largest 
discrepancy  between  calculated  and  measured  phase  shifts 
amounting  to  ±10%.  As  a  consequence  of  this  favorable  comparison, 
we  decided  to  use  phase  shifts  determined  from  reference  materials. 

SEXAFS  [15]  differs  from  conventional  EXAFS  of  polycrystalline 
or  amorphous  materials  in  that  the  polarization  of  the  incident  x-ray 
beam  strongly  influences  the  amplitude  of  the  EXAFS  oscillations  so 
that  bonds  whose  vector  lies  in  the  plane  of  polarization  contribute 
significantly  to  the  observed  oscillations  whereas  bonds  whose  vector 
is  normal  to  the  polarization  plane  will  not.  For  SEXAFS  of  K  edges, 
the  effective  coordination  number  for  a  particular  shell,  Neff,  is 
approximately  related  to  the  true  coordination  number  N  by: 

2 

=3  I  cos  e.  (2) 

i  =  1 

where  6i  is  the  angle  between  the  vector  connecting  the  absorber 
and  its  neighbor  and  the  electric  field  vector  (E-vector)  of  the 
incident  beam  [16].  Thus,  as  mentioned  above,  if  the  polarization  of 
the  incident  beam  is  perpendicular  to  the  surface,  the  absorber’s 


neighbors  which  lie  parallel  to  the  surface  will  not  contribute  to  the 
EXAFS  signal  and  vice-versa.  This  selection  rule  is  frequently 
employed  in  SEXAFS  studies  in  order  to  determine  bonding 
geometries. 

Experimental 

The  experiments  were  carried  out  at  the  Cornell  High  Energy 
Synchrotron  Source  (CHESS),  under  parasitic  conditions  (5GeV,  60- 
100  mA),  using  the  B-2  beam  line.  White  beam  radiation  enters  the 
experimental  hutch  through  a  thin  beryllium  window  and  passes 
through  a  double-crystal  Si(lll)  monochromator.  The 
monochromator  resolution  was  approximately  1.0  eV  at  9.0  keV.  The 

emerging  beam  is  collimated  by  vertical  and  horizontal  slits.  The 

beam  incident  onto  the  sample  had  a  height  and  width  of  0.04  and  4 
mm,  respectively.  A  high  degree  of  collimation  is  needed  because  of 
the  geometrical  constraints  imposed  by  the  grazing  incidence 

geometry,  and  to  ensure  that,  to  a  good  approximation,  the  incident 
beam  is  a  plane  wave.  Ion  chambers  were  used  to  measure  the 
incident  and  reflected  intensities,  while  a  Si(Li)  solid-state  detector 
was  used  in  conjunction  with  a  spectroscopy  amplifier,  and  a  single 
channel  analyzer  to  measure  the  Cu  Ka  fluorescence.  The  detector 
resolution  was  150  eV  at  6.0  keV.  The  incident  energy  was  scanned 
over  the  range  of  8.8  to  9.7  keV.  The  incident  flux  was 

approximately  10^  photons/s. 

The  electrochemical  cell,  housed  inside  an  aluminum  holder, 
consisted  of  a  cylindrical  Teflon  body  with  feedthroughs  for 
electrolytes  and  electrode  connections.  The  cell  was  thoroughly 
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cleaned  prior  to  use.  This  cleaning  procedure  involved  an  initial 
overnight  wash  in  No-chromix  and  concentrated  H2SO4,  followed  by 
a  30  minute  wash  in  hot  concentrated  1:1  HNO3/H2SO4  solution,  and 
a  thorough  rinse  in  pyrolitically  distilled  water  (PDW)  [17].  The 
filling  and  rinsing  of  the  cell  with  electrolyte  was  accomplished  with 
pressurized  glass  vessels  through  the  fluid  feedthroughs.  A  thin 
layer  of  solution  (approx.  2-5  pm  thick)  was  trapped  between  the 
electrode,  and  a  6.35  pm  thick  polypropylene  film  which  was  held  in 
place  by  a  Teflon  ring.  All  the  electrochemical  measurements  were 
conducted  with  the  polypropylene  film  distended  by  the  addition  of 
excess  bulk  electrolyte  into  the  cell.  The  thin  layer  was  then 
restored  by  removing  excess  electrolyte.  Potential  control  of  the 
electrode  was  retained  through  filling  and  rinsing  stages.  All 
potentials  are  reported  with  respect  to  a  Ag/AgCl  (IM  NaCl) 
reference  electrode. 

Electrochemical  experiments  were  carried  out  with  a  Princeton 
Applied  Research  model  173  potentiostat  in  conjunction  with  a  model 
175  universal  programmer  and  179  digital  coulometer. 
Voltammograms  were  recorded  on  a  Soltec  X-Y  recorder. 

Platinum/carbon  LSMs  of  dimensions  15  mm  by  20  mm  were 
obtained  from  Ovonic  Synthetic  Materials  Co.  (Troy,  MI).  The  LSMs 
used  had  d-spacings  of  39.7  A  or  41.4  A,  and  consisted  of  200  layer 
pairs  of  platinum  and  carbon  with  platinum  as  the  outermost  layer, 
deposited  on  a  0.015  in.  thick  Si(lll)  substrate. 

The  electrolyte  was  0.10  M  sulfuric  acid  (Baker  Ultrex) 
containing  0.50  mM  copper  sulfate  (Aldrich  Gold  Label)  and  was 
prepared  using  pyrolytically  distilled  water  117].  The  Pt/C  LSM  was 


cleaned  by  a  series  of  oxidation-reduction  cycles  (at  20mV/sec)  in 
pure  supporting  electrolyte  (O.IM  sulfuric  acid)  followed  by 
formation  of  the  iodine  ad-layer  which  was  formed  by  contacting  the 
electrode  with  a  ImM  solution  of  Nal  in  O.IM  sulfuric  acid  for  15 
min.  Afterwards,  the  electrode  was  rinsed  with  supporting 
electrolyte.  Prior  to  copper  deposition,  electrolyte  solution  was 
added  to  the  cell  so  that  the  polypropylene  film  distended  somewhat, 
thus  allowing  the  UPD  layer  to  be  deposited  from  bulk  electrolyte. 
The  monolayer  was  deposited  from  bulk  electrolyte  because  of  the 
low  copper  concentration.  Deposition  was  carried  out  at  constant 
potential  for  15  min,  after  which  the  current  had  decayed  to 
background  levels.  Deposition  potentials  of  -I-0.20V  and  +0.1  OV  vs 
Ag/AgCl  corresponding  to  copper  coverages  of  one-half  and  a  full 
monolayer,  respectively  were  employed  in  the  SEXAFS  studies.  After 
deposition,  part  of  the  electrolyte  solution  was  withdrawn,  leaving 
only  a  thin  layer  of  electrolyte,  whose  thickness  was  determined 
from  reflectivity  measurements.  The  amount  of  copper  ions 
contained  within  the  thin  layer  typically  represented  about  2-5%  of 
the  amount  electrodeposited  on  the  surface.  As  a  result,  no 
interference  from  copper  in  solution  was  anticipated. 

All  experiments  were  performed  at  room  temperature.  Data 
were  collected  in  scans  of  about  20  minutes  and  approximately  40- 
50  scans  were  averaged.  Data  were  analyzed  using  standard 
procedures  which  involved  background  subtraction  employing 
polynomial  splines  and  conversion  to  wavevector.  Data  were 
typically  multiplied  by  k  to  weight  more  evenly  the  contribution  at 
larger  k  values  relative  to  lower  k  values.  A  FFT  routine  was  used  to 


obtain  a  modified  radial  distribution  function.  Fourier  windows  were 
employed  to  isolate  a  particular  shell  and  the  data  were  transformed 
back  to  k  space  where  all  fittings  for  phase  and  amplitude  were  done 
using  non-linear  least  squares  analysis.  Data  over  the  range  of  3- 
loA-i  were  typically  considered.  At  lower  k  values  one  nee^s  to 
take  into  account  contributions  from  multiple  scattering  and  at  larger 
values  the  amplitudes  of  the  modulations  have  essentially  decayed. 
Bond  distances  were  obtained  by  fitting  the  oscillatory  part  of  the 
EXAFS  expression  to  the  experimental  oscillations  with  phase  shifts 
obtained  from  reference  materials  which  included  copper  foil,  CuO, 
Cul  and  CuPt3. 

Results  and  Discussion 
A.  Electrochemistry 

In  these  experiments,  a  platinum/carbon  layered  synthetic 
multilayer  (LSM)  with  platinum  as  the  top-mo''*  surface  was  used  as 
the  working  electrode.  This  type  of  substrate  was  chosen  since  the 
LSM  could  also  serve  as  a  Bragg  diffracting  structure  for  x-ray 
standing  wave  (XSW)  measurements.  The  results  of  these  XSW 
experiments  will  be  reported  elsewhere  [18]. 

Although  indirectly,  electrochemical  measurements  can  yield 
structural  information  regarding  the  LSM’s  platinum  surface  by 
comparison  to  electrochemical  experiments  with  electrode  surfaces 
that  are  structurally  well-defined.  For  example,  in  sulfuric  acid 
media,  the  voltammetry  due  to  the  platinum  surface  of  the  LSM 
showed  only  one  pronounced  (weakly  bound)  hydrogen  adsorption 


peak  (Figure  2A).  Such  behavior  has  been  previously  shown  to  be 
characteristic  of  a  clean,  well-ordered  (i.e.  atomically  smooth  over 
large  coherence  lengths)  Pt(ill)  electrode  which  has  been  subjected 
to  a  few  cycles  in  which  a  surface  oxide  is  formed  and  then  removed 
(Figure  2B).  This  cycling  results  in  a  Pt(lll)  surface  with  nearly 
randomly  distributed  mono-atomic  steps  [19], 

We  chose  to  study  the  underpotential  deposition  of  copper  on 
an  iodine  covered  platinum  surface  in  part  because  the  iodine  ad- 
layer  renders  the  surface  chemically  impervious  to  contamination  [5]. 
In  addition,  XSW  experiments  on  the  electrosorption  of  iodide/iodine 
on  a  platinum/carbon  LSM  have  shown  that  the  iodine  ad-layer 
appears  to  undergo  similar  potential  dependent  structural  re¬ 
arrangements  on  LSMs  [lla]  as  on  Pt(lll)  single  crystal  electrodes 
[20,21],  The  UPD  of  copper  on  such  a  surface  has  been  shown  to 
displace  the  iodine  ad-layer,  and  deposit  directly  onto  the  platinum 
surface  [5,22], 

Figure  3A  shows  the  cyclic  voliammogram  for  copper 
deposition  (in  O.IM  sulfuric  acid  containing  0.5  mM  CUSO4)  on  an 
iodine  covered  (adsorption  from  a  ImM  Nal  aqueous  solution) 
platinum/carbon  LSM  used  as  the  working  electrode.  Although  the 
anodic  and  cathodic  branches  have  different  shapes,  the  charge 
under  them  is  equivalent.  By  holding  the  potential  at  values 
between  -♦-0.40  and  +0.10  V  (vs.  Ag/AgCl  reference)  the  surface 
coverage  of  copper  can  be  systematically  controlled  to  vary  from 
essentially  zero  up  to  a  monolayer.  Referring  to  Figure  3A,  we 
observe  only  one  pronounced  deposition  wave  at  a  peak  potential 
value  of  +0.20  V  and  a  half-width  of  approximately  40  mV.  A 


shoulder  is  also  visible  p'  +0.12V  before  the  onset  of  bulk  deposition 
at  O.OV.  The  charge  under  this  deposition  wave  was  on  average 
4  8  7±50  |iC/cm2_  jhe  stripping  wave  is  considerably  broader 
(approx.  100  mV)  with  two  resolved  peaks  at  +0.14V  and  +0.25V, 
corresponding  to  a  total  charge  of  482±50  pC/cm^.  It  is  also 
important  to  note  that  the  cyclic  voltammogram  of  copper  UPD  on  a 
Pt(ni)  electrode  that  has  been  oxidized-reduced  a  few  times, 
followed  by  the  adsorption  of  iodine,  is  virtually  identical  (Figure 
3B).  This  further  confirms  the  structural  similarities  between  these 
two  types  of  surfaces. 

The  SEXAFS  measurements  were  carried  out  at  applied 
potentials  of  +0.20V  and  +0.10V  which  correspond  to  nominal  copper 
surface  coverages  of  one-half  and  a  full  monolayer,  respectively. 
Furthermore,  we  conducted  a  series  of  SEXAFS  measurements  after 
"rinsing"  the  electrode  (at  least  three  times  with  clean  supporting 
electrolyte)  while  holding  the  applied  potential  at  +0.10V.  The 
SEXAFS  measurements  were  then  carried  out  without  bulk  Cu'*'  2 
present  in  the  supporting  electrolyte. 

B.  Coverage  Measurements 

Figure  4a  shows  the  electrochemical  coverages  plotted  in 
monolayer  units  (ML)  at  deposition  potentials  of:  -h0.25V,  +0.20V. 
+0.1 5 V,  and  +0.10V,  determined  by  integrating  the  charge  under  the 
anodic  current  peaks  in  the  corresponding  cyclic  voltammograms.  In 
these  measurements  it  is  assumed  that  the  electrochemically  active 
area  of  the  electrode  surface  is  accurately  determined  by  measuring 


the  charge  due  to  hydrogen  adsorption  in  the  cyclic  voltammogram 
of  Figure  2. 

Figure  4a  represents  coverage  isotherms  obtained  for  both  no 
rinsing  and  rinsing  experiments  as  defined  previously.  In  the  no 
rinsing  measurements,  where  the  UPD  copper  layer  was  stripped 
from  the  surface  in  the  presence  of  bulk  copper  species,  the  charge 
under  the  deposition  and  stripping  peaks  for  various  surface 
coverages  was  equal.  In  the  rinsing  experiments,  where  the 
deposited  layer  is  stripped  after  rinsing  with  pure  supporting 
electrolyte  (hence  in  the  absence  of  bulk  Cu+2  species),  we  observe 
large  differences  between  the  deposition  and  stripping  charges.  This 
difference  indicates  the  loss  of  substantial  fractions  of  the  deposit 
upon  rinsing.  Furthermore,  the  amount  of  deposited  copper  lost  due 
to  rinsing  is  coverage  dependent.  Referring  to  Figure  4a,  at  full 
monolayer  we  observe  a  loss  in  coverage  upon  rinsing  of  only  16%. 
In  contrast,  for  initial  coverages  of  3/4,  1/2,  and  1/4  of  a  monolayer 
there  are  dramatic  losses  of  47%,  55%,  and  62%,  respectively.  This 
behavior  is  rather  surprising  since,  in  principle,  the  UPD  layer  is  in 
equilibrium  with  the  copper  ions  in  solution,  and  removal  of  this 
bulk  component  should  result  in  complete  desorption  of  the 
electrodeposited  monolayer.  In  comparison,  at  a  bare  (i.e.  no  iodine 
ad-layer)  platinum  surface  of  a  platinum/carbon  LSM,  rinsing  at  any 
initial  coverage  results  in  the  complete  desorption  of  the  UPD  layer. 
Hence,  it  appears  that  the  presence  of  an  initial  ad-layer  of  iodine 
"stabilizes"  the  UPD  layer  against  desorption  induced  by  the  loss  of 
copper  ions  in  the  bulk  solution  phase.  This  stabilization  is 
considerably  stronger  for  a  fully  formed  UPD  layer  as  opposed  to  a 


partial  deposit,  suggesting  some  stabilization  due  to  copper-copper 
interactions. 

The  coverage  isotherms  determined  from  x-ray  fluorescence 
measurements  are  displayed,  using  a  normalized  scale,  in  Figure  4b. 
This  figure  shows  two  sets  of  data,  representing  a  similar  series  of  no 
rinsing  and  rinsing  experiments  as  the  ones  described  above. 
Although  we  observe  a  loss  of  coverage  upon  rinsing,  the  fractional 
losses  found  in  these  x-ray  measurements  are  considerably  larger 
than  those  measured  electrochemically  (Figure  4c).  In  order  to  make 
a  quantitative  comparison  of  the  isotherm  derived  from  both  x-ray 
and  electrochemical  measurements,  data  were  normalized  at  one 
point:  -t-0,lV  after  rinsing  and  the  results  are  presented  in  Figure  5. 
Based  on  these  results  we  draw  the  following  conclusions: 

(1)  For  the  rinsing  experiments  the  isotherms  derived  from 
electrochemical  and  x-ray  measurements  are  in  excellent  agreement. 

(2)  Comparison  of  the  no  rinsing  isotherms  points  out  the  presence 
of  a  considerable  amount  of  copper,  which  appears  to  be 
electrochemically  inactive. 

(3)  The  amount  of  this  electrochemically  inactive  copper  is 
potential  dependent,  and  well  above  the  amount  of  bulk  copper  (in 
the  form  of  Cu'^^  ions)  present  in  solution.  XSW  measurements 
carried  out  concurrently  with  these  SEXAFS  experiments,  place  this 
excess  copper  at  the  electrode/electrolyte  interface  [18]. 

(4)  Even  for  applied  potentials  of  +0.45V,  where  no 
electrodeposition  occurs,  we  observe  an  amount  of  copper  equivalent 
to  approximately  20%  of  a  monolayer. 


(5)  The  iodine  coverage,  as  determined  by  x-ray  fluorescence 
measurements,  remains  constant  throughout  the  experiments. 

CXANES 

We  begin  the  discussion  of  the  SEXAFS  experiments  by 
presenting  the  x-ray  absorption  near  edge  structure  (XANES)  for 
underpotential  deposition  at  +0.1V  without  rinsing  (Figure  6).  For 
comparison,  we  also  show  in  Figure  6  the  XANES  of  some  reference 
materials.  Features  in  the  XANES  spectra  are  typically  quite 
sensitive  to  the  structure  and  chemical  nature  around  the  absorbing 
atom  (copper  in  the  present  case).  XANES  measurements  are  also 
very  valuable  in  identifying  the  oxidation  state  of  the  absorbing 
atom.  Quantitative  interpretation  of  these  data  however  is  difficult 
since  it  requires  use  of  a  complicated  multiple-scattering  formalism. 
However,  from  a  qualitative  standpoint  a  number  of  useful 
conclusions  can  be  drawn.  Firstly,  the  energetic  location  of  the  edge 
is  dependent  on  the  oxidation  state  of  the  absorbing  atom.  Referring 
to  Figure  6,  we  observe  the  edge  rise  for  the  UPD  monolayer  to  be  at 
an  energy  of  8.981  keV,  coincident  with  the  edge  rise  in  a  copper 
metal  foil  and  the  CuPt3  alloy.  This  is  to  be  contrasted  with  the 
spectra  for  Cul,  CuO,  and  CuS04.  The  edge  position  in  the  Cul 
reference  is  approximately  5  eV  more  positive,  whereas  for  the  CuO 
and  CuS04  references  the  edge  is  shifted  even  further,  to  values  of 
8.987  and  8.990  keV,  respectively.  Furthermore,  the  edge  feature 
approximately  half-way  up  the  edge  jump  in  the  UPD  spectra  is  also 
observed  in  the  copper  metal  foil  as  well  as  the  CuPt3  alloy 
references.  This  feature  is  often  taken  to  be  the  signature  for  the 


presence  of  metallic  copper.  The  characteristic  "white-line"  feature 
observed  at  the  edge  for  the  Cul.  CuO,  and  CuS04  references  is  not 
observed  in  the  electrodeposited  copper  spectrum.  The  absence  of 
such  a  feature  is  further  indication  that  the  electrodeposited  copper 
appears  to  be  fully  discharged. 

Next  we  compare  the  first  few  oscillations  observed 
immediately  beyond  the  edge  which  are  quite  sensitive  to  the 
structure  and  chemical  nature  of  the  species  around  the  copper 
center.  Of  particular  importance  are  the  differences  in  the  relative 
intensities  and  frequency  of  the  oscillations.  The  CuO  and  CuS04 
spectra  (Figure  6)  are  essentially  featureless  beyond  the  prominent 
white-line.  In  the  Cul  reference,  the  white-line  feature  is  followed 
by  a  weak  peak  at  8.998  keV  and  a  more  prominent  one  at  9.016 
keV.  The  copper  metal  foil  reference  shows  three  clearly  resolved 
peaks  at  8.998  keV,  9.008  keV,  and  9.030  keV.  Finally,  the  CuPt3 
alloy  spectrum  displays  a  peak  at  8.997  keV  with  a  visible  shoulder, 
followed  by  a  second  peak  at  9.020  keV.  In  the  copper  UPD  XAN^S 
data  we  also  observe  a  first  peak  at  8.997  keV  with  a  shoulder,  and  a 
second  more  symmetric  peak  at  9.022  keV.  The  separation  between 
these  two  features  is  25  eV,  which  coincides  almost  exactly  with  the 
separation  between  the  two  peaks  observed  in  the  CuPt3  alloy.  It 
appears  that  the  structure  around  the  electrodeposited  Cu  at  full 
coverage,  is  very  similar  to  that  of  the  CuPt3  alloy  in  contrast  to  that 
of  Cul  or  copper  metal  foil  references.  This  suggests  that  the 
structure  around  the  copper  center  in  the  UPD  monolayer  is 
significantly  influenced  by  the  presence  of  the  platinum  substrate. 
This  is  consistent  with  the  observation  that  upon  underpotential 


deposition,  copper  atoms  displace  the  iodine  ad-layer  and  deposit 
directly  onto  the  platinum  surface  of  the  LSM. 

Finally,  it  is  important  to  compare  the  potential  dependence  of 
the  near  edge  features.  This  is  done  in  Figure  7,  where  we  plot  the 
XANES  for  UPD  layers  deposited  at  -t-O.lV,  -I-0.2V,  +0.25V,  and  4-0.45V 
without  rinsing.  These  potentials  correspond  to  nominal  coverages  of 
full,  1/2,  1/4,  and  no  coverage,  respectively.  In  addition,  we  also 
show  the  XANES  for  deposition  at  +0.1V,  followed  by  rinsing  with 
pure  supporting  electrolyte.  The  first  thing  to  note  is  that  the 
intensity  offsets  in  this  figure  are  meaningful,  and  represent  changes 
in  coverage.  These  changes  are  in  excellent  agreement  with  the 
results  presented  in  the  discussion  of  electrochemical  and  x-ray 
determined  coverages  for  no-rinsing  experiments.  When  we 
compare  the  intensity  offset  for  deposition  at  -t-O.lV  before  and  after 
rinsing  we  observe  a  loss  of  coverage  of  approximately  20%.  This 
agrees  well  with  the  loss  of  coverage  measured  electrochemically 
(Figure  4a).  In  contrast,  it  is  considerably  smaller  than  the  loss 

determined  from  x-ray  fluorescence  measurements  (Figure  4b).  To 
explain  this  observation  one  must  consider  that  the  XANES 

measurements  shown  here  are  carried  out  at  an  angle  of  incidence,  9, 
just  slightly  below  the  critical  angle  0c  of  the  platinum/carbon  LSM. 
Under  this  condition  (9=9c)  the  electric  field  of  the  standing  wave 

formed  by  the  superposition  of  the  incident  and  totally  externally 

reflected  x-ray  waves  has  an  antinode  right  at  the  surface  [10].  An 
exponentially  decaying  evanescent  wave  with  a  small  penetration 
depth  (20-30  A)  extends  below  the  surface.  The  net  effect  of  this 
scattering  geometry  is  to  maximize  the  fluorescence  signal  from  the 


deposited  layer  right  at  the  electrode/electrolyte  interface,  while 
minimizing  the  contribution  from  the  bulk  material  in  solution  or 
from  copper  ions  distributed  in  a  diffuse  layer  extending  out  some 
distance  from  the  electrode.  Hence,  it  is  reasonable  that  the 
difference  in  coverage  between  rinsing  and  no  rinsing  experiments 
reflected  in  these  XANES  measurements  is  closer  to  that  determined 
electrochemically.  Because  coverages  determined  through  x-ray 
fluorescence  measurements  were  performed  at  an  angle  of  incidence 
much  larger  than  0c  (and  smaller  than  the  Bragg  angle  0b  for  the  Pt/C 
LSM),  they  would  reflect  the  existence  of  a  diffuse  layer  of  copper 
ions  in  addition  to  the  UPD  layer.  Furthermore,  under  this  geometry 
{0c<0<0b)  the  intensity  of  the  reflected  x-ray  wave  is  extremely  small 
(10’8),  and  as  a  result  mere  is  no  surface  enhancement  effect  due  to 
the  presence  of  a  standing  wave  field  as  described  above. 

The  intensity  and  frequency  of  the  oscillations  beyond  the  edge 
do  not  appear  to  be  potential  dependent.  All  spectra  in  Figure  7  are 
quite  similar  to  that  of  the  CuPt3  alloy.  We  do  note  however,  a  slight 
shift  toward  higher  energies  in  the  location  of  the  edge  as  a  function 
of  decreasing  coverage  (increasing  potential).  Furthermore,  the 
feature  observed  half-way  up  the  edge  becomes  somewhat  less 
prominent  as  the  coverage  decreases.  These  two  observations  seem 
to  imply  a  "charging"  of  the  UPD  species  as  a  function  of  increasing 
potential  or  decreasing  coverage.  More  realistically,  we  would 
conclude  that  it  is  possible  that  at  submonolayer  coverages  charge 
transfer  upon  deposition  is  not  complete  so  that  the  copper  species 
are  not  fully  discharged. 


What  is  important  to  note,  however,  is  the  large  positive  shift 
(ca.  9  eV)  in  the  edge  position  as  well  as  the  appearance  of  a  white¬ 
line  feature  when  the  applied  potential  is  -+-0.45V.  Recalling  that  no 
deposition  occurs  at  this  potential,  the  XANES  spectrum  under  these 
conditions  is  due  to  the  bulk  Cu"^-  ions  only.  Furthermore,  the  only 
way  we  could  measure  this  signal  was  to  fully  extend  the  thin  layer 
of  the  electrochemical  cell,  allowing  for  an  additional  increase  in  the 
volume  of  bulk  solution  of  approximately  20  times  the  normal 
amount.  No  detectable  signal  could  be  measured  under  the  normal 
thin  layer  condition,  at  this  potential.  This  is  a  very  important 
observation  for  two  reasons: 

(1)  It  demonstrates  we  can  reversibly  deposit  and  completely  strip 
the  UPD  layer. 

(2)  It  points  out  that  the  bulk  contribution  to  the  UPD  SEXAFS 
signal  is  negligible  at  a  bulk  CuS04  concentration  of  0.5  mM. 

D.  SEXAFS 

In  this  section  we  discuss  the  results  from  polarization 
dependent  SEXAFS  measurements  of: 

(1)  Copper  underpotential  deposition  at  +0.1  OV  (nominal  full 
coverage),  before  and  after  rinsing, 

(2)  Copper  deposition  at  +0.20V  (half-monolayer  coverage)  without 
rinsing. 

We  begin  by  discussing  the  case  of  deposition  at  +0.10V  after 
rinsing  with  supporting  electrolyte.  As  we  have  previously 
mentioned,  rinsing  the  electrode  results  in  a  loss  of  coverage 
amounting  to  approximately  20%,  from  0.85  ML  to  0.68  ML.  These 


absolute  values  of  coverage  were  determined  electrochemically  by 
measuring  the  charge  under  the  anodic  stripping  wave.  Figure  8 
shows  the  SEXAFS  spectra  for  deposition  at  +0.10V  after  rinsing,  and 
with  the  plane  of  polarization  of  the  incident  x-ray  beam  being  either 
parallel  (a  polarization)  or  perpendicular  (jt  polarization)  to  the 
electrode  surface.  The  polarization  orientation  in  these  experiments 
is  of  fundamental  importance,  a  polarized  SEXAFS  measurements  are 
sensitive  only  to  in-plane  bonds;  that  is  bonds  having  a  non-zero 
projection  in  the  plane  of  the  electrode  surface.  On  the  other  hand,  k 
polarized  SEXAFS  measurements  can  only  measure  the  component  of 
a  given  bond  normal  to  the  electrode  surface.  The  data  shown  in 
Figure  8  represent  the  average  of  approximately  40  to  50  individual 
scans,  with  each  scan  taking  approximately  20  to  30  minutes  to 
acquire.  Although  not  easily  discerned  in  these  raw  data,  there  are 
some  differences  in  the  relative  intensity  and  frequencies  of  the 
SEXAFS  oscillations.  These  data  were  analyzed  using  the 
methodology  described  in  the  experimental  section. 

The  resulting  radial  distributions  are  shown  in  Figures  9A  and 
lOA.  Considering  the  k-weighted  radial  distribution  for  the  a 
polarization  case  first  (Figure  9A),  we  observe  two  prominent  but 
unresolved  peaks  at  1.01  A,  and  2.16  A.  It  should  be  noted  that  the 
data  in  these  radial  distribution  functions  are  not  phase  corrected 
and  thus  the  distances  are  shorter  than  the  actual  values  which  we 
will  present  in  a  later  table.  There  are  two  ways  in  which  we  can 
interpret  unresolved  peaks  in  a  radial  distribution  function; 

(1)  There  are  several  chemically  distinct  backscattering  species 
within  a  given  coordination  shell. 


(2)  There  are  two  chemically  identical  shells  which  are  not 
resolved. 

Given  these  two  possible  interpretations,  data  analysis  of  this 
radial  distribution  was  conducted  as  follows; 

(1)  Each  of  the  two  prominent  peaks  was  individually  filtered  and 
back-transformed  to  reciprocal  space  or  k-space,  resulting  in  two 
distinct  data  sets. 

(2)  The  back-transformed  data  from  3  to  10  A*1  was  fitted  for 
phase  and  amplitude  trying  both:  single  backscatterers  models  (i.e.  I 
only,  Cu  only,  and  Pt  only),  or  two  backscatterers  models  (i.e.  I  and 
Pt,  Pt  and  Cu,  and  I  and  Cu).  It  is  important  to  consider  what 
parameters  were  varied  in  our  model  to  fit  the  data  (refer  to 
Equation  1).  Once  the  backscatterer(s)  is  determined,  hence 
determining  the  phase  shift  <t>j(k),  in  order  to  fit  the  phase  or 
oscillatory  portion  of  each  back-transformed  data  set  only  one  fitting 
parameter,  rj  or  the  bond  length  between  the  electrodeposited 
copper  center  and  its  backscatterer,  was  varied.  To  fit  the 
amplitudes  of  the  back-transformed  data,  the  fitting  parameters 
varied  in  our  model  were:  Neff,  the  effective  number  of  nearest 
neighbors,  aj,  the  Debye-Waller  factor  which  takes  into  account  static 
disorder  and  thermal  vibrations,  and  a  normalization  constant.  Fj(k) 
was  determined  using  fits  to  data  collected  from  reference  materials, 
once  a  particular  backscatterer  had  been  chosen.  The  best  fit  for 
each  of  the  two  data  sets  was  then  accepted.  We  found  that  to  best 
fit  the  peak  at  1.01  A  a  model  including  both  I  and  Pt  backscatterers 
was  necessary.  For  the  second  peak  in  the  radial  distribution  of 


Figure  9 A  (2.16  A),  the  best  fit  was  obtained  using  a  model  with  only 
Cu  as  a  backscatterer. 

(3)  Both  peaks  in  the  radial  distribution  were  then  filtered  (filter 
window  is  shown  for  this  case  as  a  dashed  line  on  Figure  9A),  and 
back-transformed  into  k-space  (Figure  9B,  filled  circles). 

(4)  Using  the  fitting  parameters  determined  in  step  (2)  above  as 
initial  values,  the  back-transformed  data  from  (3)  was  fitted  once 
again  for  phase  and  amplitude  using  a  model  which  included  all 
three  backscatterers  (I,  Pt,  and  Cu).  This  step  had  the  effect  of 
refining  the  parameters,  and  never  altered  the  initial  values 
extracted  from  step  (2)  by  more  than  10  to  20%.  The  fit  from  this 
final  step  is  shown  as  a  dashed  line  in  Figure  9B,  and  the  final  values 
of  the  fitting  parameters  are  presented  in  Table  I. 

As  mentioned  above,  we  have  found  that  the  1.01  A  peak  in 
the  radial  distribution  of  Figure  9A  originates  from  both  Cu-I  and  Cu- 
Pt  interactions,  whereas  the  peak  at  2.16  A  is  due  to  Cu-Cu 

interactions.  Referring  to  Table  I,  we  report  the  in-plane  projection 
of  the  Cu-Cu  bond  length  to  be  2.54±0.05  A.  This  value  is  virtually 
identical  (within  error  bars)  to  the  atomic  Cu-Cu  bond  length  (2.56 
A),  implying  that  the  Cu  UPD  layer  is  close-packed.  This  is  consistent 
with  the  conclusion  drawn  from  XANES  data  that  the 

electrodeposited  copper  is  metallic,  since  repulsive  interactions 
between  partially  charged  copper  species  would  tend  to  produce  a 

considerably  more  open  lattice.  The  effective  number  of  copper 

nearest  neighbors  was  found  to  be  6.411.5  also  in  good  agreement 
with  an  hexagonal  close-packed  UPD  layer. 


The  in-plane  projections  of  the  Cu-Pt  and  Cu-I  bond  lengths 
were  found  to  be  1.41±0.05  A  and  1.52+0.05  A,  respectively.  To  gain 
some  insight  into  the  significance  of  these  bond  lengths,  we  can 

compare  them  to  the  in-plane  projected  bond  lengths  expected  from 
model  structures.  We  begin  by  considering  the  Cu-Pt  bond.  If  we 
assume  the  surface  of  the  LSM  to  be  a  randomly  stepped  (111) 
oriented  surface  (vide-supra),  then  there  are  three  likely  sites  for 
deposition:  a  three-fold  hollow  site,  a  bridge  site,  and  a  top  site.  A 
Cu-Pt  top  site  bond  will  have  no  in-plane  projection,  and  in  the  o 
polarized  SEXAFS  measurement  we  should  have  not  observed  Pt 
backscattering.  The  fact  that  in  order  to  fit  the  data  Pt 

backscatterers  were  necessary,  in  addition  to  the  qualitative  but 
striking  similarities  of  the  UPD  XANES  data  to  that  for  the  CuPt3  alloy 
reference,  rules  out  the  presence  of  top  site  Cu-Pt  bonds.  If  all 
electrodeposited  copper  atoms  were  to  sit  in  three-fold  hollow  sites, 
thus  forming  an  epitaxial  over!ayer,  the  in-plane  projected  bond 
length  would  be  1.61  A.  Deposition  at  bridge  sites  only,  would  result 

in  an  in-plane  projected  bond  length  of  1.39  A.  The  experimental 

value  of  1.41±0.05  A  measured  here  is  in  good  agreement  with  the 
bridge  site  position.  However,  since  we  have  already  determined 
that  the  copper  UPD  layer  is  hexagonal  close-packed,  and  given  that 
the  Pt-Pt  bond  length  for  the  (111)  surface  is  2.78  A,  we  conclude 
that  the  copper  monolayer  is  incommensurate,  over  small  length 
scales,  with  respect  to  a  Pt(lll)  orientation.  Hence,  although  we 
would  anticipate  a  range  of  positions  to  be  occupied  (Figure  11) 
including  top,  three-fold  hollow,  and  bridge  sites,  the  resulting  Cu-Pt 
bond  length  averages  out  to  a  value  close  to  that  corresponding  to  a 


bridge  site.  The  spread  about  this  average  value  must  be  relatively 
narrow,  since  a  large  spread  would  likely  dampen  the  contributions 
of  this  absorber-backscatterer  pair  to  the  SEXAFS.  Thus,  we 
speculate  that  although  incommensurate  over  short  length  scales,  the 
copper  UPD  overlayer  is  in  registry  with  the  underlying  platinum 
surface  if  we  were  to  consider  a  large  unit  cell.  However,  without 
specific  knowledge  of  the  orientation  of  the  incommensurate  UPD 
layer  with  respect  to  the  underlying  substrate,  it  is  difficult  to  verify 
that  this  interpretation  is  indeed  correct.  The  effective  number  of 
platinum  nearest  neighbors  (see  Equation  2)  was  found  to  be  0.6±0.2. 
This  is  in  closer  agreement  (within  error  bars)  to  the  Neff  value 
expected  from  a  model  bridge  site  (0.54)  rather  than  a  three-fold 
hollow  site  (1.08). 

Considering  a  close-packed  copper  UPD  layer  with  a  Cu-Cu  bond 
length  of  2.54±0.05  A,  we  can  identify  once  again  three  likely  sites 
for  adsorption  of  an  iodine  atom.  The  expected  in-plane  projected 
Cu-I  bond  lengths  for  such  a  model  are:  1.48  A,  1.28  A.  and  0  A  for 
three-fold  hollow,  bridge,  and  top  sites,  respectively.  The  measured 
value  of  the  in-plane  projected  Cu-I  bond  length  is  1.52±0.05  A, 
which  is  in  good  agreement  with  a  three-fold  hollow  site  on  this 
close-packed  copper  overlayer.  Furthermore,  Ngff  is  found  to  be 
l.2±0.5  which  is  in  good  agreement  with  the  value  expected  for  a 
three-fold  hollow  site  (1.6),  in  contrast  to  that  for  a  bridge  site  (0.8). 

To  summarize,  the  a  polarized  SEXAFS  data  discussed  above  is 
consistent  with  a  model  in  which  the  copper  UPD  layer  is  close- 
packed,  with  a  Cu-Cu  bond  length  equivalent  to  that  of  bulk  copper, 
and  incommensurate,  over  a  short  length  scales,  with  respect  to  a 


platinum  surface  with  a  (111)  orientation.  The  iodine  appears  to 
adsorb  at  three-fold  hollow  sites  on  the  copper  UPD  layer,  consistent 
with  the  formation  of  an  epitaxial  ad-layer. 

In  order  to  triangulate  and  confirm  this  structure  we  also 
carried  out  a  complete  set  of  SEXAFS  measurements  for  deposition  at 
+0.10V  after  rinsing,  using  n  polarization.  Figure  lOA  shows  the  k- 
weighted  radial  distribution  resulting  from  analysis  of  the  raw 
SEXAFS  data  in  Figure  8.  In  this  distribution  we  observe  two 
unresolved  peaks  at  1.88  A  and  2.74  A  (once  again,  recall  that  these 
data  are  not  phase  corrected).  These  data  were  analyzed  following 
the  series  of  steps  outlined  previously.  The  best  fit  resulting  from 
this  procedure  is  shown  as  the  dashed  line  in  Figure  lOB.  The  final 
fitting  parameters  are  shown  in  Table  I.  Referring  to  this  table,  we 
assign  the  lower  peak  at  1.88  A  in  the  radial  distribution  of  Figure 
lOA  to  Cu-Pt  backscattering.  Note  that  the  data  was  best  fit  by  using 
a  model  which  did  not  involve  Cu-Cu  backscattering.  This  implies 
that  the  UPD  layer  lies  within  a  single  plane  rather  than  in  a  bilayer 
or  multilayer  arrangement.  The  lack  of  copper  backscatterers  also 
eliminates  the  possibility  that  the  copper  deposits  in  three- 
dimensional  clusters.  The  out-of>pIane  projected  Cu-Pt  bond  length 
was  determined  to  be  2.44±0.05  A.  Once  again,  assuming  the 
platinum  surface  orientation  to  be  (111)  like,  we  would  expect  out- 
of-plane  projected  bond  lengths  of  2.13  A,  2.28  A,  and  2.67  A  for  a 
three-fold  hollow,  bridge,  and  top  sites,  respectively.  The  observed 
value  of  2.44±0.05  A  lies  between  the  values  characteristic  of  a 
bridge  and  top  site.  Arguing  once  again  that  the  copper  UPD  layer  is 
incommensurate  with  respect  to  the  platinum  surface  lattice,  we 


would  expect  a  range  of  sites  to  be  occupied,  with  an  average  value 
for  the  Cu'Pt  distance  of  2.44±0.05  A.  As  before,  without  specific 
knowledge  of  the  orientation  of  the  UPD  layer  with  respect  to  the 
surface  we  cannot  verify  this  claim. 

The  out-of-plane  projected  Cu-I  bond  length  was  found  to  be 
3.10±0.05  A.  If  we  consider  the  bond  lengths  calculated  for 
adsorption  sites  on  a  close-packed  copper  UPD  layer  (Table  II),  the 
value  measured  here  is  in  remarkable  agreement  with  that  for  a 
three-fold  hollow  site.  If  we  combine  the  o  and  :t  polarization 
measurements,  and  triangulate  the  structure  to  determine  the 
average  Cu-Cu,  Cu-I,  and  Cu-Pt  bond  lengths  we  obtain:  2.54±0.10  A, 
3.45±0.10  A,  and  2.82±0.10  A  respectively.  These  values  are  in 
excellent  agreement  with  the  expected  bond  lengths  calculated  using 
atomic  radii  for  copper  and  platinum  and  the  Van  der  Waal  radius  of 
iodine  (Table  II). 

Based  on  these  o  and  n  polarization  SEXAFS  measurements,  we 
propose  the  model  shown  in  Figure  11  to  describe  the  full-coverage 
structure  of  copper,  produced  by  underpotential  deposition  at  +0.1  OV 
and  after  rinsing  with  pure  supporting  electrolyte.  In  this  model,  we 
will  assume  (based  on  the  arguments  presented  before)  that  the 
platinum  surface  of  our  LSM  is  well  represented  by  one  that  is 
randomly  stepped  (111)  in  character.  The  electrodeposited  copper 
forms  a  close-packed  incommensurate  layer  with  a  Cu-Cu  bond 
length  of  2.54±0.05  A.  Adsorption  of  iodine  at  the  UPD  layer  occurs 
on  three-fold  hollow  sites  to  form  an  epitaxial  ad-layer  with  a  3x3 
unit  cell.  It  has  been  previously  demonstrated  that  iodine  can  form  a 
3x3  ad-layer  on  a  bare  Pt(lll)  surface  [23],  in  the  potential  range 


from  +0.10V  to  +0.80V  vs  Ag/AgCl,  at  a  pH  of  4.  Here  we  observe  an 
identical  iodine  ad-layer  packing  at  a  potential  within  the  range 
specified  above,  but  on  a  close-packed  copper  monolayer  and  at  a  pH 
of  1. 

The  full  coverage  structure  in  Figure  1 1  can  be  compared  to 
other  models  proposed  for  similar  systems.  Based  on  an  analysis  of 
LEED  and  Auger  data,  Hubbard  and  co-workers  estimated  a  Cu-Cu 
distance  of  4.16  A  for  half  a  monolayer  of  copper  underpotentially 
deposited  on  an  iodine  treated  Pt(lll)  single  crystal  [5].  Such  a  Cu- 
Cu  bond  length  can  be  achieved  if  the  electrodeposited  copper  atoms 
initially  occupy  a  particular  set  of  three-fold  hollow  and  bridge  sites 
to  achieve  an  open  3x3  unit  cell  with  a  coverage  rCu=4/9.  At  full 
coverage  (rcu=8/9),  Hubbard  et  al.  propose  a  model  in  which  all 
three-fold  hollow  sites  are  occupied,  producing  a  commensurate  but 
"buckled"  copper  overlayer  with  an  overall  Cu-Cu  bond  length  of  2.54 
A,  but  with  an  in-plane  projected  Cu-Cu  bond  length  of  2.41  A.  This 
distance  is  considerably  shorter  than  the  bulk  Cu-Cu  distance  which 
is  what  we  observe.  It  is  possible  that  the  difference  between  our 
model  and  that  of  Hubbard  on  a  Pt(Ill)  surface  is  due  to  the 
presence  of  a  higher  density  of  monoatomic  steps  on  our  platinum 
surface.  Defects  such  as  these  could  provide  a  series  of  higher 
coordination  sites  forming  a  template  for  nucleaiion  of  an 
incommensurate  close-packed  UPD  structure  rather  than  an 
epitaxially  commensurate  overlayer.  One  further  point  to  note  is 
that  both  Hubbard's  and  our  model,  the  iodine  forms  a 
commensurate  3x3  ad-layer  on  the  electrodeposited  copper.  The 
model  proposed  here  can  also  be  contrasted  to  the  underpotential 


deposition  of  copper  on  Au(lll)  (8],  where  the  copper  occupies 
three-fold  hollow  sites  and  forms  a  commensurate  lattice.  Once 
again,  we  believe  the  existence  of  steps  on  our  "real"  surface  as  well 
as  the  presence  of  an  iodine  ad-layer,  significantly  modifies  the 
energetics  of  the  interface  favoring  the  formation  of  a  close-packed 
incommensurate  structure.  Furthermore,  in  previous  EXAFS  studies 
on  copper  and  silver  UPD  on  Au(Ill)  [8]  strong  scattering  by  oxygen, 
which  was  attributed  to  water  and/or  electrolyte  ions  in  contact  with 
the  UPD  monolayer,  was  observed.  In  the  present  case  we  saw  no 
evidence  for  scattering  by  oxygen,  which  is  consistent  with  the  fact 
that  at  the  potentials  where  these  studies  were  carried  out  the 
iodine,  which  is  the  top-most  layer,  is  assumed  to  be  neutral  as  well 
as  hydrophobic  [23],  This  would  preclude  co-adsorption  of  an  oxygen 
containing  species  such  as  HSO4-.  It  is  thus  clear  that  such  ad-layers 
can  profoundly  affect  the  structure  and  distribution  of  interfacial 
species.  Similar  findings  have  been  recently  reported  for  Cu  UPD  on 
Pt(lll)  in  the  presence  of  chloride  anions.  [24]  Thus,  the  presence  of 
co-adsorbed  halides  appears  to  lead  to  a  common  mechanism  of 
deposition. 

Finally,  we  would  like  to  discuss  SEXAFS  measurements  carried 
out  as  a  function  of  deposition  potential  but  without  rinsing  the 
electrode  with  supporting  electrolyte.  We  begin  by  discussing 
deposition  at  -hO.IOV.  The  raw  a  polarized  SEXAFS  spectrum  is  shown 
in  Figure  12 A,  and  the  k-weighted  radial  distribution  obtained  from 
analysis  of  this  data  is  depicted  in  Figure  13c.  Comparing  these  data 
to  those  for  deposition  at  4-0.  lOV  followed  by  rinsing  (Figure  9 A),  we 
observe  a  similar  sequence  of  unresolved  peaks  at  1.10  A  and  2.12 


A.  Furthermore,  the  relative  intensity  of  the  two  peaks  in  both 
radial  distribution  functions  is  essentially  the  same.  In  addition,  in 
both  radial  distribution  functions  the  peak  at  2.12  A  has  a  weak 
shoulder  at  2.80  A.  Fitting  the  back-transformed  data  using  an 
identical  procedure  to  that  discussed  above,  yields  the  results  listed 
in  Table  I.  Once  again,  comparison  to  the  results  from  the  -fO.lOV 
rinsing  experiments  shows  that  the  interfacial  structure  formed  in 
these  two  cases  is  virtually  identical.  The  clear  implication  is  that 
rinsing  at  full  coverage  does  not  alter  the  structure  of  the  UPD  layer. 
This  is  consistent  with  our  earlier  conclusion  that  the  large  coverage 
loss  observed  in  the  x-ray  fluorescence  measurements  upon  rinsing 
at  -f-0.  lOV,  is  due  to  the  removal  of  copper  species  in  a  diffuse  layer 
loosely  bound  at  the  interface,  rather  than  the  loss  of  a  large  fraction 
of  electrodeposited  copper  atoms.  Furthermore,  it  is  a  most 
important  observation  since  it  confirms  the  hypothesis  that  the 
presence  of  the  iodine  ad-layer  can  stabilize  the  full-coverage  UPD 
structure  even  upon  removal  of  the  bulk  component  of  the  system. 
It  also  implies  that  underpotential  deposition  in  the  presence  of  a 
strongly  adsorbed  species  is  thermodynamically  a  non-equilibrium 
process. 

At  +0.20V  without  rinsing  (Figure  12B),  the  k-weighted  radial 
distribution  obtained  from  the  a  polarized  SEXAFS  (Figure  13b)  is 
dramatically  different  from  that  at  -♦-O.IOV.  The  most  distinctive 
difference  is  the  appearance  of  peaks  at  4.00  A  and  4.92  A. 
Comparison  to  a  copper  foil  reference  (Figure  13a)  shows  that  these 
peaks  are  in  virtually  the  same  locations  as  the  peaks  corresponding 
to  the  second  and  third  shells  of  the  copper  foil.  The  peak  at  4.00  A 


was  fitted  using  the  Cu-Cu  second  shell  reference.  Furthermore  the 
1.10  A  peak  in  the  radial  distribution  at  +0.10V  is  barely 
distinguishable  as  a  weaker  shoulder  at  1.48  A  for  deposition  at 
+0.20V.  As  a  result,  the  back-transformed  data  corresponding  to  the 
window  shown  in  Figure  13b  can  be  adequately  fitted  using  a  model 
involving  only  Cu-Cu  and  Cu-I  interactions.  The  results  are 
presented  in  Table  I.  Referring  to  this  table  we  find  two  in-plane  Cu- 
Cu  bond  lengths:  2.56±0.05  A  and  4.21±0.05  A.  This  implies  that  at  a 
potential  of  +0.20V  (without  rinsing)  the  UPD  layer  consists  of  two 
coexisting  phases:  a  close-packed  phase  similar  to  that  observed  at 

-t-O.lOV,  and  a  considerably  more  open  phase  (Figure  IIB).  The  Cu-Cu 
bond  length  of  this  open  phase  is  consistent  with  the  3x3  overlayer 
structure  observed  by  Hubbard  et  al.  on  Pt(lll)  at  a  coverage 
rcu=4/9.  We  cannot  conclude,  based  on  these  SEXAFS  data  only, 
whether  in  this  case  there  is  a  similar  registry  between  the  UPD 
layer  and  the  platinum  surface.  The  appearance  of  such  an  open 
phase  might  also  indicate  the  possibility  that  the  electrodeposited 

copper  is  partially  charged.  This  is  a  point  we  had  already  made  in 

discussing  the  XANES  spectra  for  submonolayer  coverages,  and  the 
SEXAFS  results  here  appear  to  be  consistent  with  that.  Interestingly, 
AFM  studies  of  copper  UPD  on  a  Au(lll)  electrode  [6a,b]  have  shown 
that  in  sulfate  electrolyte,  a  (V3xV3)R30®  copper  lattice  (rcu  =  W3) 
with  a  Cu-Cu  distance  of  4.9  A  forms  at  -f-O.lOV.  This  open  lattice  was 
not  observed  if  perchlorate  was  used  as  the  supporting  electrolyte 
[6b].  Thus,  the  authors  concluded  that  this  open  structure  was 

stabilized  by  co-adsorption  and  partial  charge  transfer.  It  is  quite 


likely  that  the  presence  of  the  strongly  adsorbed  iodine  layer  plays  a 
similar  stabilizing  role  in  our  case. 

What  is  perhaps  more  surprising  is  the  presence  of  a  close- 
packed  phase  as  well.  In  this  respect.  White  and  Abrufia  [25]  found 
that  for  a  copper  coverage  equivalent  to  0.3  ML,  in  the  presence  of 
an  iodine  ad-layer,  the  Cu-Cu  bond  distance  was  2.88  A.  Although 
this  distance  is  considerably  larger  than  that  for  bulk  copper,  the 
structure  formed  still  represents  a  densely  packed  phase,  especially 
since  the  nominal  coverage  was  only  0.3  ML.  The  in-plane  Cu-I  bond 
distance  of  1.63±0,05  A  is  close  to  that  measured  for  deposition  at 
-t-O.lOV.  This  is  consistent  with  a  picture  in  which  the  only  iodine 
backscattering  at  this  distance  is  the  one  riding  the  close-packed 
copper  phase.  Furthermore,  since  only  a  fraction  of  the  initial 
electrodeposited  copper  is  in  this  high-density  phase,  it  is  reasonable 
that  we  observe  a  large  drop  in  the  intensity  of  the  peak  at  1.48  A  in 
the  radial  distribution  function  (Figure  13b)  when  compared  to  the 
full  coverage  case  (Figure  13c).  It  is  possible  that  the  remaining 
iodine  is  co-adsorbed  on  the  platinum  surface  at  the  open  spaces  of 
the  low-density  copper  phase  (Figure  IIB).  This  scenario  would 
produce  an  in-plane  projected  Cu-I  bond  length  of  3.64  A,  for  which 
we  do  not  observe  a  peak  in  the  radial  distribution  function  (Figure 
13b).  Thus  we  can  only  speculate  that  this  is  a  possible  arrangement. 

To  summarize,  at  -♦-0.20V  (half-monolayer  coverage)  two 
coexisting  phases  are  observed:  a  close-packed  phase  with  a  Cu-Cu 
distance  of  2.56±0.05  A  and  a  considerably  more  open  phase  with  a 
Cu-Cu  bond  length  of  4.21±0.05  A.  The  in-plane  projected  Cu-I  bond 
length  was  found  to  be  1.63±0.05  A,  which  suggests  that  the  only 


iodine  backscattering  in  the  system  is  the  fraction  "riding"  the  close- 
packed  copper  phase. 

Conclusions 

Employing  surface  EXAFS  and  its  polarization  dependence  we  have 
been  able  to  characterize  the  potential  and  coverage  dependent 
structural  changes  of  copper  underpotentially  deposited  on  an  iodine 
treated  platinum  surface.  We  find  that  at  a  copper  surface  coverage 
of  half  a  monolayer  (at  +0.20V)  there  are  two  in-plane  Cu-Cu 
distances:  2.56±0.05  A  and  4.21±0.05  A.  This  suggests  a  coexistence 
of  a  close-packed  phase  with  a  more  open  phase.  At  -t-0.  lOV,  where 
the  coverage  is  one  monolayer,  the  Cu-Cu  distance  dramatically 
decreases  to  2.54±0.05  A  indicative  of  a  close-packed  structure.  By 
carrying  out  polarization  dependence  studies,  we  have  determined 
that  at  full  monolayer  coverage  (+0.10V)  the  copper  UPD  layer  is 
incommensurate,  over  small  length  scales,  with  respect  to  the 
platinum  surface.  The  iodine  ad-layer  rides  the  electrodeposited 
copper  forming  a  3x3  unit  cell.  This  interfacial  structure  is  not 
altered  by  removal  of  the  bulk  copper  species  in  solution  after 
rinsing  of  the  electrode  with  pure  supporting  electrolyte.  This  points 
out  the  "stabilizing"  effect  of  the  iodine  ad-layer,  since 
electrodeposited  copper  at  a  bare  platinum  surface  desorbs 
completely  upon  rinsing.  We  are  currently  carrying  out  similar 
studies  in  the  presence  of  other  adsorbates  with  emphasis  on  the 
halides. 
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Figure  Legends 


Figure  1  Comparison  of  the  phase  shift  determined  from  ab-initio 

calculations  (13]  (lines)  and  measured  from  reference 
materials  (symbols)  for  Cu-Cu  (open  triangles),  Cu-I 
(filled  triangles),  and  Cu-Pt  (filled  circles)  absorber- 
backscatterer  pairs. 

Figure  2  (A)  The  cyclic  voltammetry  of  a  clean  platinum/carbon 

LSM  in  0.1  OM  H2SO4  electrolyte  at  a  scan  rate  of  10 
mV/sec,  Note  that  in  the  hydrogen  adsorption  region 
(+0.05V  to  *0.20V)  only  one  pronounced  wave  is  visible, 
the  one  corresponding  to  weak  hydrogen  adsorption. 

This  voltammetry  is  in  good  agreement  with  that  of  a 
Pt(lll)  electrode  which,  after  flame  annealing,  was 
cycled  through  a  series  of  oxidation-reduction  cycles 
between  -hi. 20V  and  -0.20V,  as  shown  in  (B).  Also  shown 
in  (A),  is  the  voltammetry  after  adsorption  of  an  iodine 
layer  (dashed  line)  in  sulfuric  acid  supporting  electrolyte. 
The  iodine  covered  platinum  surface  is  passivated  as 

illustrated  by  the  absence  of  the  hydrogen  adsorption 
waves.  The  series  of  voltammograms  in  (B)  start  with  the 
one  showing  the  "butterfly"  features  at  -t-O.lOV. 
characteristic  of  a  clean,  well-ordered  over  long  range 
Pt(lll)  surface  and  shows  the  progressive 

transformation  to  a  final  steady-state  cyclic 
voltammogram  characteristic  of  a  randomly  stepped 


Figure  3 


Figure  4. 


Figure  5. 


Figure  6. 


Pt(lll)  surface  (19]  and  almost  identical  to  the  LSM  case 
depicted  in  (A).  Voltammograms  in  (B)  are  also  for 
O.IOM  H2SO4  and  a  lOmV/sec  scan  rate. 

Cyclic  voltammogram  of  the  UPD  of  copper  on  an  iodine 
covered  platinum  surface  of  a  Pt/C  LSM  (A)  and  (B)  same 
as  (A)  but  for  a  Pt(lll)  surface  which  has  been  reduced- 
oxidized  through  a  series  of  cycles  prior  to  iodine 
adsorption.  All  voltammetry  is  in  O.IOM  H2SO4  at  a  scan 
rate  of  1  mV/sec. 

(a)  Copper  coverage  isotherms  for  rinsing  and  no  rinsing 
experiments  derived  from  electrochemical 
measurements,  (b)  same  as  (a)  but  for  isotherms  derived 
from  x-ray  fluorescence  measurements,  (c)  the  fractional 
coverage  loss  due  to  rinsing  of  the  electrode  surface  with 
pure  electrolyte,  for  both  electrochemical  and  x-ray  data. 

X-ray  and  electrochemical  derived  isotherms  plotted  on 
an  absolute  coverage  scale  after  the  two  data  sets  were 
normalized  at  one  point:  +0.1  OV  after  rinsing. 

XANES  spectra  for  copper  underpotential  deposition  at 
+0.10V,  without  rinsing.  The  XANES  corresponding  to 
several  reference  materials  (Cu  foil,  Cul,  CuO,  CuPt3  and 
CuS04)  are  also  shown. 


Figure  7. 


Figure  8. 


Figure  9. 


The  potential  dependence  of  the  XANES  for  copper 
deposited  at  +0.10V.  +0.20V,  +0.25V,  and  +0.45V  without 
rinsing,  corresponding  to  nominal  coverages  of  1,  1/2, 
1/4  and  0  monolayers.  The  vertical  offsets  are  real  and 
represent  changes  in  the  coverage.  Note  that  at  +0.45V 
the  XANES  data  shows  a  prominent  "white-line"  feature 
characteristic  of  copper  in  a  +2  oxidation  state  (see  text). 
In  addition  we  show  the  XANES  for  deposition  at  +0.1  OV 
after  rinsing. 

Fluorescence  detected  SEXAFS  spectra  for  copper 
deposited  at  +0.1  OV  on  an  iodine  pre-treated  platinum 
surface  after  rinsing  with  pure  supporting  electrolyte, 
and  when  the  plane  of  polarization  of  the  x-ray  beam  was 
normal  to  (A)  or  in  the  plane  (B)  of  the  electrode  surface. 

(A)  Radial  distribution  function  for  copper  deposited  at 
+0.10  V  on  an  iodine  pre-treated  platinum  surface  after 
rinsing,  when  the  polarization  of  the  x-ray  beam  was 
normal  to  the  electrode  surface. 

(B)  EXAFS  vs,  wavevector  for  raw  and  Fourier  filtered 
data  as  well  as  the  best  fit  for  copper  deposited  at  +0.10 
V  on  an  iodine  pre-treated  platinum  surface  after  rinsing, 
when  the  polarization  of  the  x-ray  beam  was  normal  to 
the  electrode  surface. 


Figure  10.  (A)  Radial  distribution  function  for  copper  deposited  at 
+0.10  V  on  an  iodine  pre-treated  platinum  surface  after 
rinsing,  when  the  polarization  of  the  x-ray  beam  was 
perpendicular  to  the  plane  of  the  electrode  surface. 

(B)  EXAFS  vs.  wavevector  for  raw  and  Fourier  filtered 
data  as  well  as  the  best  fit  for  copper  deposited  at  +0.10 
V  on  an  iodine  pre-treated  platinum  surface  after  rinsing, 
when  the  polarization  of  the  x-ray  beam  was 

perpendicular  to  the  plane  of  the  electrode  surface. 

Figure  11.  Schematic  depiction  of  the  structure  of  copper  deposited 
on  an  iodine  pre-treated  platinum  surface  for  deposition 
at:  +0.1  OV  corresponding  to  the  full  coverage  case  (A), 
and  +0.20V  corresponding  to  a  half-monolayer  coverage 
(B).  See  text  for  discussion. 

Figure  12.  Fluorescence  detected  SEXAFS  spectra  for  copper 

deposited  at  +0.10V  (A)  and  +0.20V  (B)  on  an  iodine  pre¬ 
treated  platinum  surface  without  rinsing,  and  when  the 
plane  of  polarization  of  the  x-ray  beam  was  in  the  plane 
of  the  electrode  surface. 

Figure  13.  Radial  distribution  function  for  copper  foil  (a)  and  for 

copper  deposited  at  +0.20  (b)  and  +0.10  V  (c)  on  an  iodine 

pre-treated  platinum  surface  without  rinsing.  The 
polarization  of  the  x-ray  beam  was  in  the  plane  of  the 
electrode  surface. 


SEXAFS  Results  for  Cu  Underpotential  Deposition  on  an  I  Treated  Pt/C  LSM 
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Symbols  from  reference  EXAFS 
Lines  from  theory 
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